
Propagation of Water  
in the Chang’e-3 Exhaust Plume  
from LADEE Observations  

Dana Hurley, JHU/APL 
Mehdi Benna, NASA/GSFC 
And the LADEE Team 



§  Exploration question:  How does it affect the 
exosphere when a spacecraft lands on or 
launches from the Moon? 
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§  Exploration question:   How does it affect the 
exosphere when a spacecraft lands on or 
launches from the Moon? 

§  Opportunity Science: 
q  Chang’e 3 landed on the Moon 

• When:  14 Dec. 2013 at 1311 UT 
• Where:  Mare Imbrium, 44.1214°N, 19.5116°W (0818 

LT) 
• How: 12.5 minutes of burning MMH and N2O4 starting 

at 15 km altitude 
q  LADEE and LRO were there to measure 

perturbations to the exosphere 

Introduction 



§  We model the initial impingement and 
subsequent propagation of exhaust gases 
from the descent of Chang’e 3. 
q  Monte Carlo model 
q  Ballistic equation of motion 

§  Results for water presented 
q  Try to constrain adsorption and thermalization  

•  Important parameters for migration of water to 
lunar cold traps. 

Model 



Chang’e 3 Descent 
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Chang’e 3 Descent 

Trinks	
  and	
  Hoffman,	
  1983	
  

plume composition w i t h  high time reso lu t io r t .  
h ighly dynamic i n - s i t u  measurements a r e  s u i t a b l e  
t o  determine t h e  tinie dependent development o f  t h e  
plume s t r u c t u r e  9-11. 

In F i g .  21 gas  c o n c e n t r a t i o n  d i s t r i b u t i o n s  
a r e  shown, de r ived  from mass s p e c t r o m e t r i c  r c s u l t s .  
Quite s i m i l a r  t o  the h e a t  f l u x  measurement r e s u l t s -  
t h e  gas  d e n s i t y  i s  r e l a t i v e l y  low very nea r  t h e  
plume a x i s .  The i n c r e a s i n g  amount of NO with i n -  
c r e a s i n g  ang le  from t h e  plume a x i s  demonstrates  
t h e  i n c r e a s e d  chemical nonequi l ibr ium i n  t h e  lower 
d e n s i t y  p o r t i o n s  o f  t h e  plume. Fig. 2 1  a l s o  i n d i -  
c a t e s  t h e  nowqui l ib r iun i  s t a t e  o f  t .hP  s t d l  !Lo11 anii 
t d i l - o f f  ph8S:r- of  t h e  p u l c e .  
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f ~ i g .  2 1  Gas concen t r a t ion  i n  the plume. 

C o t p i l a t i o n  o f  R e s u l t s .  Experimental  r e -  
s u l t s  h a v e b e e n l e d  f o r  a n s u l a r  d i s t r i b u t i o n  
o f  momentum fco r re sbond ino  to  the mass f l u x ) .  
plume d e p o s i t i o n ,  gas  den;ity and h e a t  f l u x ' a s  
shown i n  F i g .  22. The momentum d i s t r i b u t i o n  i s  a 
s u p e r p o s i t i o n  of gas  d e n s i t y  d i s t r i b u t i o n  and t h e  

F i g .  23 shows gas  d e n s i t y  con tour s  de r ived  
Froiii mass s p e c t r o m e t r i c  and momentum measurement 
r e s u l t s .  The gas  d e n s i t y  con tour s  were r e g i s t e r -  
ed i n  high vacuum w i t h  and wi thou t  t h e  plume 
s h i e l d  model. 
u fac tu red  s i m i l a r  t o  t h e  planned plume s h i e l d s  
f a r  the GALILEO-Project s p a c e c r a f t .  The r e s u l t s  i/ 
Shown i n  Fig 23 demonstrate  t h a t  t h e  plume 
s h i e l d s  should indeed be e f f e c t i v e .  

A l l  experimental  r e s u l t s  were e v a l u a t e d ,  
coiiipiled and compared. 
f o r  t h e  formation of t h e  10 N t h r u s t e r  plume 

This  plume s h i e l d  model was man- 

A c o n c e p t u a l i z a t i o n  model 

150 / 

plume d e p o s i t i o n  d i s t r i b u t i o n  corresponding t o  
t h e  d r o p l e t s  d i s t r i b u t i o n .  

F i g .  23  Gas density contours 
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Exhaust Byproducts 
CH3(NH)NH2 and N2O4 

Molecule	
   Frac.on[1]	
   Expected	
  
exhaust	
  
mass	
  (kg)	
  

Mass	
  
contacts	
  
surface	
  
(kg)	
  

Molecular	
  
mass	
  
(Daltons)	
  

Tphot[2]	
  
	
  (s)	
  

N2	
   41.8%	
   625	
   171	
   28	
   1e6	
  

H2O	
   29.8%	
   446	
   122	
   18	
   6.7e4	
  

CO	
   17.4%	
   260	
   71	
   28	
   1.3e6	
  

CO2	
   8.8%	
   132	
   36	
   44	
   5.0e5	
  

H2	
   1.5%	
   22	
   6	
   2	
   6.7e6	
  

NO	
   0.3%	
   4.5	
   1	
   30	
   2.9e5	
  

H	
   0.2%	
   3.0	
   <	
  1	
   1	
   1.4e7	
  

OH	
   0.1%	
   1.5	
   <	
  1	
   17	
   1.3e5	
  

O2	
   0.1%	
   1.5	
   <	
  1	
   32	
   2.1e5	
  

[1]	
  Guernsey	
  and	
  McGregor,	
  AIAA	
  86-­‐1488,	
  1986	
  
[2]	
  Huebner	
  et	
  al.	
  PSS	
  1992	
  



Modeled Exhaust Impingement 

§  Water initially contacts 
the ground along a 
swath about 450 km 
long along the entry 
track and about 100 km 
wide 
q  122 kg H2O impinges on 

the surface 
§  Some fraction may 

adsorb for long periods, 
reducing the amount of 
water migrating 
q  About 38% impinge on a 

region containing less 
than a monolayer. 
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Change’3 and LADEE Positions 

NMS turn-on

braking burn
descent burn

Chang’e 3 1311

1326

1331

LADEE
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Mass 18—data 



Mass 18, with linear fits 



§  Combination of Geminids and instrument background 
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100% Thermalization 



70% Thermalization 
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§  The different 
runs have 
particles moving 
at different 
velocities 
q  Only certain 

relative 
velocities can 
be detected by 
NMS 

q  Ram 
enhancement 
is a function of 
relative 
velocity. 

Correct for Particle Velocity 
full thermal accommodation

70% thermal accommodation
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Compare to the model runs 
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Conclusion 

§  A total of ~446 kg of water is released into near-
moon environment by the Chang’e 3 descent burn 
q  ~122 kg of water in exhaust encounters the lunar 

surface 
q  The initial impingement exceeds a monolayer/slab of 

water within ~2 km of the landing site or within 0.4 km 
for monolayer on grain surface 

§  Amount of thermalization has a strong influence 
on the subsequent propagation and loss of 
exhaust gases 
q  LADEE would have detected water for 80-100% 

thermalization cases 
q  Model/data comparison indicates ~<70% thermalization 

for water exhaust on contact with lunar regolith 
q  Model/data comparison is also consistent with fractional 

long-term adsorption of water to regolith 



Conclusion 

§  Exploration question:  How 
do spacecraft landings on 
the Moon affect the lunar 
environment (especially the 
exosphere?) 

Spacecraft landings on 
the lunar surface present 
a minor, short-lived 
perturbation to the lunar 
exosphere 




